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FATIGUE  CRACK  PROPAGATION  AND  FRACTURE  TOUGHNESS  OF 
PLASMA  ARC  WELDED  Ti-6A1-4V  ALLOY 

by 

T.  S.  Baker 


SUMMARY 

Tensile,  fracture  toughness  and  fatigue  crack  propagation  (FCP)  data 
have  been  determined  for  a  plasma  arc  weld  (PAW)  in  4mir  thick  Ti-6A1-4V 
alloy  sheet.  In  addition,  FCP  data  is  reported  for  a  weld  in  9.6mm  thick 
Ti-6A1-4V  alloy  produced  by  a  PAW  root  weld  and  TIG  filler  runs.  In  all 
of  the  test  pieces  the  stressing  direction  was  normal  to  the  welding 
direction..  Fractures  of  across-weld  test  pieces  occurred  in  parent  metal, 
the  tensile  strength  of  welded  sheet  was  comparable  with  that  of  unwelded 
parent  sheet.  The  fracture  toughness  of  the  welds  was  also  lower  than 
that  of  the  parent  metal  due  to  the  hard  martensitic  microstructure  pro¬ 
duced  in  the  fusion  zone  as  a  result  of  the  high  poBt-weld  cooling  rates. 
FCP  rates,  for  a  given  AK,  were  slower  in  all  the  welded  test  pieces  com¬ 
pared  with  parent  material  by  factors  of  5-15  for  the  4mm  thick  sheet,  and 
3-7  for  the  9.6mm  thick  material. 
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INTRODUCTION 


This  Report  describe*  the  result*  of  an  eve lust ion  of  a  teg  thick  planma  arc  welded 

T1-6AI-4V  alloy  sheet  supplied  by  Westland  Helicopter*  Limited  (UHL).  Tensile,  fracture 

toughness  and  fatigue  crack  propagation  (FCP)  data  were  obtained  for  the  sheet,  which  was 

from  the  same  batch  as  that  used  in  a  larger  concurrent  evaluation  of  laser  bees  welded 
1-3 

sheet  .  In  addition,  FCP  data  is  reported  for  pcreut  metal  and  welded  9.6ns  thick 
sheet  (plasma  arc  +  TIG  filler).  These  tests  at  RAE  formed  part  of  the  support  for  the 

4 

welding  programme  at  WHL  . 

2  EXPERIMENTAL  TECHNIQUES 

2.1  Material 

The  4mm  thick  Ti-6A!-4V  alloy  sheet  was  supplied  to  WHL  by  the  American  Metals 

Service  Export  Corporation,  to  MIL-T-9046  type  3,  composition  C.  TWO  half  panels 

•VI50  x  450  nrn  were  degreased  in  MEK  (Methylethylketone)  prior  to  being  butt  welded  by 

WHL  in  a  single  pass  using  the  autogeneous  pulsed  plasma  arc  process  (see  Table  1  for 

details  of  welding  parameters)  to  give  a  panel  ''<300  *  450  ms  (’4th  trial'  sheet,  WHL 

reference).  Test  results  for  parent  metal  are  taken  from  the  laser  welded  sheet 
1-3  .  4 

programme  .  Welding  parameter  details  for  the  9.6ms  thick  material  are  included  'n 

Table  I. 

No  micropirosity  was  detected  by  radiography  and  although  the  weld  was  undercut 
along  its  length,  a  macrosection  through  the  weld  (Fig  la)  showed  that  the  depth  of 
undercutting  was  very  small..  Large  grains  were  visible  at  the  centre  of  the  fusion  zone 
with  much  smaller  grains  in  the  heat  affected  zone  (HAZ).  The  width  of  the  fusion  zone 

*  HAZ  was  13.0  mm  at  the  top  surface  and  11.8  mm  at  the  bottom  surface  of  the  weld.  The 
microstrucf  -e  of  the  fusion  zone  consisted  of  martensitic  o  within  the  former  3 
grains  (Fig  lb).  The  large  fusion  and  heat  affected  zones  were  caused  by  the  slow 
(0.08  m/min)  welding  speed. 

2.2  Mechanical  tests 

Tensile,  fracture  toughness  (K^)  and  FCP  tests  were  carried  out  in  laboratory  air 

at  room  temperature  on  test  pieces  which  were  cut  from  the  4mm  thick  welded  sheet  in  the 
* 

I.T  orientation  Undercuts  were  removed  by  machining  equal  amounts  of  metal  from  both 
top  and  bottom  surfaces,  giving  a  final  thickness  of  ”v3.7  on.  FCP  test  pieces  from 
9.6m  plate  were  machined  to  MS  mm.  The  location  of  each  4m  thick  test  piece  in  the 
welded  sheet  is  shown  in  Fig  2.  The  parent  metal  test  pieces  were  cut  from  other  sheets 
as  described  elsewhere1. 

Tensile  tests  were  carried  out  on  ’B!  size  metric  test  pieces  according  to  BS4.A4. 

Since  the  sheet  was  toe  thin  for  valid  K,  values  to  be  determined,  K  tests 

c  Ic  c 

were  carried  out  according  to  ASTM  E56!-8r  on  compact  tension  test  pieces  (Fig  3). 

*  First  letter  denotes  direction  normal  to  crack  plane.  Sscond  letter  denotes  crack 
growth  direction. 
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1  2 

Compliance  curves  had  been  determined  earlier  *  uaing  parent  metal  teat  pieces  to 
confirm  that  the  crack  opening  displacement  (CCD)  measurements  gave  accurate  values  of 
crack  length. 

The  FCP  tests  were  carried  out  uaing  a  SEN  3-point  bend  test  piece  (Fig  4);  side- 
plates  were  bolted  to  both  sides  at  each  end  of  the  4sm  thick  test  piece  to  prevent 
twisting.  Tests  were  carried  out  in  a  2  ton  Amsler  Vibraphore  machine  fitted  with  a 
solid  state  Bowden  HFP-81  controller,  with  the  strers  ratio  R  *•  0.1  .  The  crack  length, 
'a',  was  measured  in  all  but  one  of  the  tests  using  a  dc  electric  potential  mt.nod'*^ 
and  was  checked  optically  with  a  travelling  microscope.  Test  piece  No.PLMLE  was  tested 
using  a  recently  developed  automatic  technique^,  in  which  a  microcomputer  is  used  to 
continuously  monitor  two  dc  potentials,  and  from  their  ratio,  determine  instantaneous 
values  of  crack  length,  growth  rate  and  stress  intensity  range.  Details  of  the  4ian  thick 
r  test  pieces  cut  from  the  welded  sheet,  together  with  other  test  pieces  supplied  by  WHL 

and  cut  from  separate  sheets  are  given  in  Table  2. 

3  RESULTS 

3. 1  Tensile  tests 

The  results  of  the  tensile  tests  are  ahown  in  Table  3.  The  acrcss-weld  test  pieces 
fractured  in  the  parent  metal  away  from  the  weld  at  stresses  slightly  lower  (by  72 
(0.12  PS),  42  (0.22  PS),  1.72  (0.52  PS  and  TS))  than  those  for  the  parent  metal;'  ductility 
values,  esoecially  elongation,  were  also  lower.  These  strength  and  ductility  values  are 
typical  of  across-weld  test  pieces,  and  are  caused  by  slight  annealing  of  the  parent 
metal,  and  reduced  ductility  in  the  haider  fusion  zone.- 

3.2  Fracture  toughness 

The  results  of  the  fracture  toughness  (K^)  tests  are  shown  in  Table  4.  The  two 
values  obtained  for  the  parent  metal,  and  one  for  the  fusion  zone  of  a  welded  test  piece, 
did  not  satisfy  the  validity  criteria.-  In  one  of  the  parent  metal  test  pieces  (PMHL1) 
the  crack  deviated  by  ^90°  from  the  normal  crack  growth  direction  (Fig  5a)  due  to 
preferred  orientation  in  the  sheet1.  In  the  welded  test  pieces  crack  growth  remained  in 
the  fusion  zones  throughout  the  duration  of  the  tests  (Fig  5b).-  The  valid  K  value  of 
108.1  MPa^  obtained  for  fusion  zone  material  (PLML1,  Table  4)  is  much  higher  than  values 
obtained  for  faster  cooled  laser  beam  fusion  zones  ’  .  Banas  obtained  values  of  63.3, 

66.2  and  73.4  MPai'm  in  plasma  welded  6.4mm  thick  Ti-6A!-4V  alloy*.  The  higher  value 
obtained  xn  this  work  was  probably  due  to  the  slow  welding  speed  used,  which  resulted  in 
a  coarse  grain  size  and  tough  fusion  zone. 

3.3  Fatigue  crack  propagation 

Fatigue  crack  growth  curves  for  the  4nzn  thick  parent  metal  (Fig  6a)  and  plasma 
welded  sheet  test  pieces  (Fig  6b)  showed  good  agreement  between  test  piece  pairs  (A  &  B) 
cut  from  the  same  sheets. 


*  Fracture  toughness  values  in  Ref  8  had  incorrect  units;  corrected  values  are  given  here. 


990 
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Growth  rate*  in  teat  piece  PLMLC,  cut  from  a  different  aheet  and  eupplied  by  WHL,  were 
faater  for  a  given  AK  ,  than  tboae  for  the  aheet  in  Fig  2  (test  piecea  PLKLA  and  PLML3), 
aa  shown  in  Fig  6b.  Mean  fatigue  crack  growth  rates  are  plotted  in  Fig  6c.  For  a  given 
£*  growth  ratee  were  alwaye  aignificantly  slower  in  plasma  welded  fusion  tones  compared 
to  the  parent  metal,  especially  at  low  AK  values  (Table  5);  for  mean  AK  values  of  20 
and  2r  MPa ■'.-'i  (Fig  6c),  crack  growths  in  the  fusion  tones  were  slower  than  in  the  parent 
metal  by  factors  of  15.6  and  5.2,  respectively. 

Fatigue  crack  growth  curves  for  the  9.6mm  thick  material  are  shown  in  Fig  7.  The 
curve  for  the  parent  met a1  test  piece  was  similar  to  the  corresponding  curve  for  the 
4mm  thick  ttateri.O  (Fig  6c) .  Fatigue  crack  growth  rates  in  the  fusion  sones  were 
slower  than  in  the  parent  metal  by  factors  of  3.4  and  6.6,  at  AK  values  of  15  and 
20  MPa»S,  respectively.  Growth  rates  in  the  fusion  zones  were  the  tame  as  those 
determined  for  the  4mm  thick  test  piece  PIMLC  (Fig  6b)  and  for  4stxt  thick  sheet  which  had 

I -3 

been  laser  beam  welded  »r  s  vv  2  a/min 

4  DISCUSSION 

The  plasma  arc  weld  examined  in  this  Report  is  probably  not  typical  of  VAW  titanium 

alloy  sheet;  this  is  becaure  the  welding  equipment,  a  Thermal  Arc  HC122A  Welding  Console, 
,  4 

was  being  used  at  its  maximum  capacity  .  This  necessitated  the  use  of  a  slow  traverse 

speed  resulting  in  a  relatively  vide  and  slowly  coded  weld.  A  higher  capacity  machine 

would  have  been  operated  at  a  faster  welding  speed,  resulting  in  higher  cooling  rates 

and  therefore  different  microstructures  and  mechanical  properties.  However,  the  welds 

produced  were  pore-free  with  minimal  undercutting  and  satisfactory  mechanical  properties.- 

A  faster  postueld  cooling  rate  would  probably  result  in  lower  fracture  toughness,  and  a 

stress  relief  heat  treatment  for  4.5  h  @  625°C  could  reduce  the  FCP  resistance  to  that  of 

9 

the  parent  material,  based  upon  preliminary  results  obtained  on  laser  beam  welded  sheet  . 

If  welded  sheet  was  to  be  used  without  removal  of  undercuts  then  S/N  data  would  be 

required.  The  fatigue  strength  (S/N)  of  the  PAW  sheet  used  in  the  current  work  was 

.  4  ... 

reported  to  be  approximately  half  that  of  the  parent  metal  sheet  ;  the  cracks  initiated 

at  notches  present  in  the  top  Surface  'ripple'  at  the  edge  of  the  fusion  zone.  In  work 

carried  out  on  laser  beam  welds  it  was  shown  that  the  presence  of  undercuts  (up  to 

.  .  1-3 

0.2  mm  deep)  significantly  reduced  the  fatigue  strength  of  the  aheet 

5  CONCLUSIONS 

(1)  Across-weld  test  piece  from  a  4um  thick  Ti-6A!-4V  alloy  plasma  arc  welded  joint 
failed  in  the  parent  metal  and  the  tensile  strength  was  comparable  with  that  of  parent 
metal;  ductility  values  of  welded  sheet  vere  lover  however  by  40a  (elongation)  and  I5Z 
(reduction  of  area). 

(2)  Fracture  toughness  values  were  difficult  to  measure  accurately;  the  only  valid  K£ 
value  obtained  was  108.1  MPai4i  for  4mm  thick  plasma  welded  surface  machined  sheet. 
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(3)  Fatigue  crack  growth  rates  in  the  fusion  rones  of  welded  Asm  and  3.6mm  thick 
Material  were  slower,  for  a  given  stress  intensity  >20  Kt>a»£i,  by  factors  in  the  range 
3, A  to  6.6  compared  to  the  parent  metal;  the  factor  was  >15  at  stress  intensities 
<20  MPatS  in  the  Asm  thick  welded  sheet. 
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Table  1 


FLASH*  ARC  WELDING  PARAMETERS*1 


Sheet  thickness 

m 

MM 

9.6 

Pass  number 

■■ 

| 

3 

Weld  type 

Pulsed  plasma 

TIG  filler 

Weld  current 

A 

100 

no 

205 

205 

Top  puls*;  time 

« 

KB 

- 

- 

Background  current 

s 

10 

10 

- 

- 

Lour/  pulse  time 

S3 

■a 

■g 

a 

Slope  up 

A/s 

20 

20 

50 

50 

Sequence  terminate 

A/s 

10 

10 

20 

20 

A 

8 

8 

10 

10 

Carriage  speed 

m/min 

0.08 

0.06 

0.13 

0.13 

Shielding  gas  flow  rate 

t/min 

10 

10 

10 

10 

rlasma  flow  rate 

l/min 

1.5 

1.5 

- 

■1 

Trailing  shield  flow  rate 

t/min 

16 

16 

16 

16 

Backing  gas  flov  rate 

t/min 

16 

16 

16 

16 

Arc  voltage 

- 

- 

n 

- 

11 

Wire  feed 

m/min 

- 

- 

1.95 

1.95 

Up  slope 

8 

- 

- 

wwm 

2.0 

Down  slope 

8 

- 

- 

0.5 

0.5 

Oscillating  speed 

X 

- 

- 

80 

70 

Traverse  distance 
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Table  2 


\ 


8 


DATA  FOR  FATIGUE  CRACK  PROPAGATION  TEST  PIECES 
(Surface  machined,  LT  orientation,  R  »  6.~D 


Parent  metal 
or  weld 

t 

Mark 

Thickness,  mm 

Initial 

Machined 

PM 

PMMLA* 

4 

3.74 

PMMLB 

3.73 

Weld 

0.08  m/min 

PLMU 

3.50 

PLrfOl 

3.58 

PLMLC® 

3.31 

PM 

PMMLI* 

9.6 

8.  =? 

Weld* 

PLMLE** 

7.72 

*  PAW  root  -  TIG  fillers 

t  PM  ■  Parent  metal 
M  «  Machined  surface 

L  or  T  «  direction  normal  to  crack  plane 
1L  ■=  Plasma  welded 

e  Test  pieces  supplied  separately  by  Westlard 
Helicopters  Limited 

A  Tested  using  automatic  computer  controlled 
technique? 


J _ A. 
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Proportional  .  Tolerances  Standard  test  piece  sizes 


..  mu 

dimt  isions 

mm 

Width 

Thickness 

Hole  dia 

Net  width  W 

*0 

-0.2 

mm 

mm 

reamed 

Thickness  B  «  05W 

♦  0 
-0.1 

40 

20 

10  mm 

Total  width  C  *  1.25 W 

•  0.1 

Hole  dia  D  «  Nominal  0.25  W  (see  table) 

Half  hole  E  «  0.275  W  20.1 

centre  H  « 0.6W  *  0.1 

G  «  0.7W  10.1 

Parallel  surfaces  to  be  pari  within  0.02mm  taper/IOmm  run 
Perpendicular  surfaces  to  be  sq  within  0.02  mm  <aper/)0mm  run 
The  above  tolerances  must  not  be  cumulative 


Fig  3  Frtcturt  tough  nett  ten  piece 


ranee 


FigS«&b 
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17. 'Abstract 

j  "■<  Tensile,  fracture  toughness  ana  fatigue  crack  propagation  (TCP)  data  have  been 
(determined  for  a  plasma  arc  veld  (PAW'  in  Anus  thick  Ti-oAi-Av  alloy  sheet.  In 
’addition,  FCP  data  ia  reported  for  a  veld  is  3. Ansa  thick  Ti~6Af-4V  alloy  produced  by 
s  PAW  root  veld  and  TIG  fillet  runs.  Ir-  all  of  the  test  pieces  the  stressing 
direction  was  normal  to  the  welding  direction.  Fractures  of  across-weld  tensile  test 
pieces  occurred  ir.  tiarent  tuef.al;  the  tensile  strength  of  welded  sheet  was  comparable 
with  that  of  unwelded  parent  sheet.  7 he  fracture  toughness  c.f  the  welds  was  lower 
than  t’net  of  the  pstej-.t  tnetnt  due  tc  the  hard  martensitic  saicrostrueture  produced  in 
the  fusion  zoos  as  a  result  of  ifH  high  post-weld  cooling  rates.  FC?  rates,  for  a 
given  AX.  were  slower  in  all  the  welded  test  pieces  compared  with  parent  material  fey 
factors  of  5-15  for  tbs  Assr.  thick  sheet,  and  2-7  for  the  9.6bsi  thick  material. 
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